Directional translocation of the ribosome through the mRNA open reading frame is a critical determinant of translational fidelity. This process entails a complex interplay of large-scale conformational changes within the actively translating particle, which together coordinate the movement of tRNA and mRNA substrates with respect to the large and small ribosomal subunits. Using pre-steady state, single-molecule fluorescence resonance energy transfer imaging, we tracked the nature and timing of these conformational events within the Escherichia coli ribosome from five structural perspectives. Our investigations revealed direct evidence of structurally and kinetically distinct late intermediates during substrate movement, whose resolution determines the rate of translocation. These steps involve intramolecular events within the EF-G-GDP-bound ribosome, including exaggerated, reversible fluctuations of the small-subunit head domain, which ultimately facilitate peptidyl-tRNA's movement into its final post-translocation position. npg npg
a r t i c l e s
The actively translating ribosome must maintain its reading frame on mRNA to properly synthesize the encoded protein. Accuracy in this process is ensured by precise temporal and spatial translocation of mRNA and tRNA substrates through adjacent aminoacyl (A), peptidyl (P) and exit (E) binding sites located at the interface of the large and small ribosomal subunits (50S and 30S in bacteria) [1] [2] [3] [4] . Perturbations in this mechanism affect cellular homeostasis, viral pathogenesis and human disease 5 . Elucidating how translocation occurs at the molecular scale is therefore paramount to understanding the regulation of protein synthesis and how directional movements are achieved in biological systems.
In Escherichia coli, substrate movements are catalyzed by the highly conserved five-domain (I-V) GTPase elongation factor G (EF-G). EF-G bound to the GTP nucleotide (EF-G-GTP) selectively engages the pretranslocation (PRE) complex containing deacylated tRNA in the P site and peptidyl tRNA in the A site and facilitates directional movement of the mRNA-(tRNA) 2 module. The translocation mechanism involves GTP hydrolysis while EF-G is bound to the ribosome 2,6-8 ( Fig. 1) . Productive translocation generates a post-translocation (POST) complex in which the A-and P-site tRNAs have moved to the P and E sites, respectively.
The first descriptive framework of translocation, proposed by Spirin in 1968 (ref. 9) , posited that the ribosome must 'unlock' to enable tRNA and mRNA movement with respect to the 30S subunit and 'relock' to restrict substrate motions before subsequent steps in the elongation cycle. Bulk and single-molecule fluorescence investigations probing the unlocking process have revealed that translocation follows a multistep mechanism that entails large-scale conformational changes within and between the ribosomal subunits; these changes are correlated with rearrangements within EF-G [10] [11] [12] [13] . These distinct structural events minimally include reversible rotation of the small subunit with respect to the large subunit 1, 11, 14, 15 , tRNA movements through partially translocated 'hybrid' positions 1, 14, 16, 17 , closure of the L1 stalk at the E site 12, 18, 19 and swiveling of the 30S head domain in the direction of tRNA movement 13, [20] [21] [22] [23] [24] . However, the exact nature and temporal sequence of these structural processes, and the roles of EF-G and GTP hydrolysis during translocation, remain unclear.
Landmark structures have recently revealed unexpected snapshot views of the EF-G-bound PRE complex 21, 22, 25 . Two structures, captured in the presence of fusidic acid (FA), an antibiotic that binds to the interface between domains I and III in EF-G, have provided potentially critical new insights into bona fide intermediate states in the translocation process 21, 22 (Fig. 1) . Contemporary translocation models posit that FA specifically prevents release of EF-G from the ribosome after substrate translocation is complete, whereas prior steps are unaffected 12, 15, 26, 27 . However, in line with recent mechanistic investigations 28 , both structures suggest that FA traps the ribosome in a configuration in which the mRNA-(tRNA) 2 module is only partially translocated, and deacylated tRNA and peptidyl-tRNA occupy POST-like positions with respect to the small-subunit body and compacted PRE-complex positions relative to the head domain 21, 22 . These so-called intrasubunit hybrid tRNA positions are enabled by a pronounced swivel-like motion (~18°) of the small-subunit head domain in the direction of substrate movement together with an orthogonal rotation of the small-subunit body in the opposing direction. These new findings suggest that FA inhibits translocation before forming the POST complex by preventing reverse swivel of the head domain, a movement required to shift the head domain's register a r t i c l e s relative to the mRNA-(tRNA) 2 module 23, 27, 29 . Discrepancies in FA's mechanism of action have yet to be reconciled.
To gain deeper insights into the order and timing of the molecular events mediating substrate translocation through the ribosome, we used single-molecule fluorescence resonance energy transfer (smFRET) to image the complete translocation mechanism from five distinct structural perspectives under pre-steady state conditions. We also performed three-color smFRET studies to establish the timing of EF-G binding and release from the ribosome relative to the conformational events underpinning translocation. The data obtained provide direct evidence of structurally unlocked, partially translocated intermediates and shed new light on how these transient configurations resolve to the POST state. These findings afford a structurally integrated, quantitative description of the complete translocation mechanism that clarifies the inhibitory action of FA. They also define intramolecular conformational events within the EF-G-GDPbound ribosome, including exaggerated, reversible movements of the small-subunit head domain, as the rate-determining feature of directional substrate translocation.
RESULTS
To monitor key structural events taking place during translocation, we used smFRET to image the relative movements of fluorophores site-specifically attached to small-and large-subunit ribosomal proteins, A-and P-site tRNAs, and EF-G within reconstituted PRE complexes (Online Methods). Components labeled in this fashion are fully functional in single-turnover and processive translation 12, 17, 30, 31 . To achieve the time resolution required to capture transient intermediates, we used intramolecularly stabilized fluorophores that exhibit enhanced brightness and photostability 32 (Online Methods). As delineated below, we examined five sets of uniquely labeled ribosome complexes that provided distinct vantage points regarding the large-scale movements that accompany directional translocation. Because tRNA composition within the PRE complex contributes to translocation rates 12, 33 , we analyzed each perspective in two specific contexts: (i) an 'initiator' PRE complex bearing deacylated tRNA fMet in the P site and fMet-Phe-tRNA Phe in the A site and (ii) an 'elongator' PRE complex bearing deacylated tRNA Phe in the P site and fMet-Phe-Lys-tRNA Lys in the A site.
EF-G rapidly translocates the rotated PRE complex
To probe the rotational state of the ribosome before, during and after translocation, we first used a previously established smFRET signal that reports on intersubunit rotation in which donor (LD550) and acceptor (LD650) fluorophores are site-specifically placed on the N terminus of ribosomal protein S13 and on residue C202 of ribosomal protein L1, within the small and large subunits 31, 34 , respectively ( Fig. 2a and Online Methods). As anticipated by the ribosome's capacity to undergo thermally driven fluctuations in conformation, in which the small subunit reversibly rotates by 6-9° with respect to the large subunit 14, 24, 34 , PRE complexes spontaneously transitioned between low (0.32 ± 0.06 (mean ± s.d.); Online Methods)-and high (0.70 ± 0.06 for initiator; 0.65 ± 0.06 for elongator)-FRET states. The major subpopulation transited between low-and high-FRET states on the millisecond time scale ( Supplementary Table 1 ).
On a time-averaged basis, initiator and elongator PRE complexes exhibited approximately 60:40 or 35:65 unrotated (low FRET)-torotated (high FRET) ratios, respectively ( Supplementary Table 1 ). After stopped-flow delivery of saturating concentrations of EF-G and GTP (10 µM and 1 mM, respectively), individual FRET trajectories ( Fig. 2b and Supplementary Fig. 1a,b ) and population FRET histograms composed of translocating molecules (Fig. 2c,d and Online Methods) revealed that both complexes exhibited rapid, irreversible transitions into stable low-FRET configurations. Notably, this shift preferentially occurred from the high-FRET state, in agreement with EF-G-GTP specifically acting on the rotated ribosome and promoting translocation to the unrotated POST state 12, 34, 35 .
To estimate the rates of translocation, we recorded the delay time between EF-G delivery and the appearance of the stable low-FRET POST configuration as a function of EF-G concentration ( Fig. 2e and Online Methods). In line with results from previous investigations 13, 15, 33 , the distribution of dwell times preceding POSTcomplex formation was characterized by two distinct subpopulations with apparent rates of translocation that differed by approximately an order of magnitude ( Fig. 2e and Supplementary Fig. 1c,d) . As previously noted 12 , the rates of faster-translocating initiator (~66%) and elongator (~74%) PRE complexes exhibited an EF-G concentration dependence. At saturating concentrations, these subpopulations exhibited maximal rates of 4.0 ± 0.2 s −1 and 2.6 ± 0.1 s −1 (mean ± s.d.) for initiator and elongator PRE complexes, respectively ( Fig. 2e , Supplementary Table 2 and Online Methods). The slower EF-G concentration-independent subpopulations translocated at rates similar to those of the subpopulation of ribosomes exhibiting slow rates of subunit rotation ( Supplementary Fig. 1d and Supplementary Table 1 ). These findings corroborated the notion that EF-G-GTP preferentially acts on the rotated PRE complex, whereas unrotated PRE complexes must spontaneously rotate before translocation can occur.
Translocation occurs via transient intermediates
Further examination of the pre-steady state population FRET histograms and individual FRET trajectories of complexes containing labeled S13 and L1 revealed that translocation proceeded through at least one intermediate state with a mean FRET value of 0.51 ± 0.07 ( Fig. 2b-d and Supplementary Fig. 1a,b) . These intermediates exhibited an increased distance between S13 and L1 relative to the rotated state ( Supplementary Table 3 ). In agreement with relative fluorescence npg a r t i c l e s intensity measurements tracking mRNA and tRNA translocation 36, 37 , the rates entering this state were 13.4 ± 0.6 s −1 and 25.3 ± 1.6 s −1 , for initiator and elongator complexes, respectively (Supplementary Table 2 , Fig. 2f and Supplementary Fig. 1e ). Strikingly, the rates entering the unrotated POST state from this intermediate configuration were independent of EF-G concentration and were comparatively slow (5.0 ± 0.7 s −1 and 3.0 ± 0.3 s −1 for initiator and elongator complexes, respectively) (Supplementary Table 2 , Fig. 2g and Supplementary  Fig. 1f ). These findings suggested that translocation occurs via at least one on-path intermediate configuration (lifetime of ~200-300 ms), which resolves through intramolecular processes that are rate limiting in POST-complex formation.
Deacylated tRNA and peptidyl-tRNA compact during translocation
To gain deeper structural and kinetic insights into this rate-limiting aspect of the translocation mechanism, we monitored a reaction coordinate probing the intermolecular distance between deacylated tRNAs and peptidyl-tRNAs 17, 18 . Here, initiator PRE complexes contained deacylated tRNA fMet (Cy3-s 4 U8-tRNA fMet ) and fMet-Phe-tRNA Phe (LD650-acp 3 U47-tRNA Phe ) in the P and A sites, respectively, whereas the analogous elongator complexes bore deacylated tRNA Phe (Cy3s 4 U8-tRNA Phe ) and fMet-Phe-Lys-tRNA Lys (Cy5-acp 3 U47-tRNA Lys ) ( Fig. 3a) . Complexes labeled in this manner are fully competent in both tRNA selection and translocation 12, 30 . As anticipated 17 , initiator PRE complexes were highly dynamic, exhibiting transitions between three dominant configurations with mean FRET values of 0.66 ± 0.07 (high), 0.40 ± 0.07 (intermediate) and 0.18 ± 0.05 (low) ( Fig. 3b and Supplementary Table 4 ). Elongator PRE complexes were notably less dynamic and predominantly exhibited low FRET 38 (0.33 ± 0.06; Fig. 3c and Supplementary Table 4 ). Mutational analyses 17, 35 and structural investigations 39, 40 have defined these states as representing classical configurations (A/A, P/P; high FRET) and two distinct hybrid tRNA configurations (H2 (A/A, P/E; low FRET) and H1 (A/P, P/E; intermediate FRET)). Distinctions between intersubunit rotation and tRNA dynamics within each PRE complex ( Figs. 2c,d and 3b,c) reflected the loosely coupled nature of tRNA motions and subunit rotation 18, 39 . Upon stopped-flow addition of saturating concentrations of EF-G-GTP, both complexes displayed a rapid, transient enrichment of high FRET (0.66 ± 0.07 and 0.61 ± 0.06 for initiator and elongator complexes, respectively), followed by a total loss of FRET (Fig. 3b,c and Supplementary Fig. 2a,b) . Because the loss of FRET is indicative of translocation-induced release of deacylated tRNA, we attributed the enrichment of this high-FRET configuration to compacted tRNA positions associated with either on-path translocation intermediates or POST configurations, rather than to a return to classical PRE-complex positions.
Comparably to the S13-L1 reaction coordinate, the waiting-time distributions for achieving compacted tRNA positions exhibited bimodal kinetic behaviors, in which the faster subpopulations compacted with an EF-G concentration dependence, saturating at 9.2 ± 2.1 s −1 and 14.1 ± 0.7 s −1 for initiator and elongator complexes, respectively (Supplementary Table 2 and Supplementary Fig. 2c ).
In contrast, the rates exiting this state, resulting in the loss of FRET, were Table 2 and Supplementary  Fig. 2d ). Hence, EF-G's action on the rotated ribosome rapidly promoted a POST-like conformation in which the distance between ribosomal proteins S13 and L1 increased relative to the rotated state, and deacylated tRNAs and peptidyl-tRNAs adopted compacted intrasubunit hybrid positions.
Deacylated tRNA can be released before complete translocation
Notably, the rates of release of deacylated tRNA from the E site inferred from the loss of FRET suggested that tRNA dissociation from the ribosome occurs independently of POST-complex formation (Supplementary Table 2 and Supplementary Fig. 2e ). For tRNA fMet , the observed rate of release indicated that dissociation occurs concomitantly with, or shortly after, the ribosome's return to its unrotated configuration. In contrast, the rate of tRNA Phe release indicated that release can occur during the delay period required for the intermediate to resolve into the POST state. These findings are consistent with reports that deacylated tRNA dissociates rapidly from the E site of the bacterial ribosome upon translocation 41, 42 and are in contrast with the notion that its release requires A-site tRNA binding 43, 44 . Allosteric relationships of this kind have, however, recently been shown for the human ribosome 45 , suggesting that the determinants of release of deacylated tRNA may be complex. We nevertheless conclude that the translocation intermediates observed under the present experimental conditions achieve configurations amenable to spontaneous dissociation of deacylated tRNA from the E site. Steric considerations suggest that such conformations may include swivel or tiltlike motions of the small-subunit head domain and/or separation of the L1 stalk from deacylated tRNA.
The observed translocation intermediate exhibits head swivel
To track the position of the small-subunit head domain relative to peptidyl-tRNA, we next monitored FRET between donor-labeled (LD550) S13 and acceptor-labeled (LD650 or Cy5) A-site tRNA (Fig. 3d) . PRE complexes labeled in this manner exhibited a mean FRET value of 0.10 ± 0.06 and 0.13 ± 0.07 for initiator and elongator complexes, respectively ( Fig. 3e,f) . In agreement with near-identical distances separating the sites of labeling in both unrotated and rotated states ( Supplementary Table 3 ), FRET dynamics arising from spontaneous conformational changes within the PRE complex were not detectable.
Stopped-flow addition of saturating concentrations of EF-G-GTP led to a rapid increase in the mean FRET values of both complexes (~0.16 FRET), which was followed by a slower transition into higher-FRET states (0.42 ± 0.06 and 0.34 ± 0.05 for initiator and elongator complexes, respectively) ( Fig. 3e,f and Supplementary  Fig. 3a,b) . In agreement with both the S13-L1 and tRNA-tRNA reaction coordinates, these data indicated that peptidyl-tRNA achieves the POST state by way of a transient configuration in which its elbow domain (the site of labeling) moves toward, but remains distal to, the N terminus of S13.
Although we could not accurately determine the rates into and out of the transient intermediate (~0.16 FRET), we readily quantified the rates of POST-complex formation (3.7 ± 0.2 s −1 and 2.4 ± 0.1 s −1 for initiator and elongator complexes, respectively) (Supplementary Table 2 and Supplementary Fig. 3c ). This second transition corresponded to the relatively slow process of intermediate resolution into a POST state, in which peptidyl-tRNA resides in the P site, and the small subunit adopts an unrotated, unswiveled configuration. From these data, together with the analyses discussed above, we surmise that the observed translocation intermediate is likely to include a npg a r t i c l e s swiveled configuration of the small-subunit head domain akin to that evidenced in the recent EF-G-bound, FA-stalled structures 21, 22 .
Head-domain motions are rate limiting in translocation
To directly probe the head-domain reaction coordinate during translocation, we prepared PRE complexes in which the N termini of ribosomal proteins S13 and L5 were site-specifically labeled with donor (LD550) and acceptor (LD650) fluorophores, respectively ( Fig. 3g and Online Methods). This FRET pair enabled the assessment of small-subunit head-domain motions relative to the static large-subunit central protuberance. In agreement with rapid, reversible rotation processes 31 , initiator and elongator PRE complexes containing labeled S13 and L5 exhibited spontaneous fluctuations between intermediate-and high-FRET states with mean FRET values of 0.56 ± 0.07 and 0.76 ± 0.05, respectively ( Supplementary Table 5 ). In the context of prior FRET-state assignments 31 , the aforementioned FRET signals and previous structural data 21, 24, 25, 27, 40 (Supplementary Table 3) , we infer that such states represent rotated (hybrid) and unrotated (classical) configurations of the PRE complex, respectively. In line with translocation initiating from the rotated ribosome and proceeding through intermediate configurations that slowly resolve into an unrotated POST state, stopped-flow delivery of EF-G-GTP efficiently converted rotated PRE complexes (0.56 FRET) into unrotated (0.76 FRET) POST complexes, via at least one lower-FRET (<0.5), intermediate configuration ( Fig. 3h,i, Supplementary  Fig. 4a,b and Online Methods). These observations are notably consistent with the small-subunit head domain adopting a swiveled position en route to complete translocation [20] [21] [22] .
At saturating concentrations of EF-G-GTP, the rates exiting the rotated configuration (0.56 FRET) were rapid (7.5 ± 0.8 s −1 and 11.5 ± 0.8 s −1 for initiator and elongator complexes, respectively; Supplementary Table 2 ). In contrast, formation of the high-FRET (0.76) POST state occurred relatively slowly (4.2 ± 0.2 s −1 and 2.1 ± 0.1 s −1 for initiator and elongator complexes, respectively) (Supplementary Table 2 and Supplementary Fig. 4c ). We conclude from these data that the observed intermediate closely resembles the ribosome conformation captured in the presence of FA, in which POST-like intrasubunit hybrid tRNA positions include an 18-21° swivel of the small-subunit head domain in the direction of substrate translocation 21, 22 .
Inhibition of head-domain swivel blocks translocation
To further probe the structural determinants of the observed translocation intermediate, we repeated experiments in the presence of distinct ribosome-targeting antibiotics and specifically focused on the effects of saturating concentrations of hygromycin B (400 µM), viomycin (200 µM) and spectinomycin (3 mM) on elongator complexes. Here, the reported mechanisms of action of each drug caused us to anticipate the inhibition of early steps in the translocation process that occur after GTP hydrolysis and before peptidyl-tRNA movement into the P site 12, 36, 37, [46] [47] [48] . In agreement with this expectation, hygromycin B, which binds within the major groove of helix 44 in the smallsubunit decoding region and thereby stabilizes peptidyl-tRNA binding at the A site 37, 49 , potently inhibited the rate at which the translocation intermediate was formed (Supplementary Fig. 5a ). Viomycin, which binds at the apex of helix 69 within the large ribosomal subunit and the minor groove of helix 44 and thereby stabilizes peptidyl-tRNA within the A site 12, 36, 46 , blocked all evidence of translocationintermediate formation (Supplementary Fig. 5b) . Spectinomycin, which binds at the base of helix 34 within the small-subunit head 36, 50 , had the striking effect of stabilizing compacted tRNA positions in the absence of substantial small-subunit head swivel (Supplementary Fig. 5c ).
Because both hygromycin and spectinomycin have no significant impact on the rate at which EF-G engages the PRE complex 37 and efficiently inhibit reverse subunit rotation 15 , we concluded that EF-G promotes the formation of compacted tRNA positions before swiveling of the small-subunit head domain. Given that movements of deacylated tRNA probably occur in register with those of the small-subunit head domain, owing to steric constraints imposed by the universally conserved 16S rRNA residues 1338 and 1339 (ref. 51 ), we infer that the observed tRNA movements principally reflect a shift in the peptidyl-tRNA body toward the P site. These data suggest that reverse rotation of the small-subunit body and forward head swivel-as observed in structures of the EF-G-bound, FA-stalled PRE complex 21,22 -occur through structurally coupled processes after EF-G engages peptidyl-tRNA and that together enable movement of the mRNA-(tRNA) 2 module into its POST-like configuration.
Fusidic acid inhibits reverse head swivel
To more precisely ascertain the relationship between the EF-Gbound ribosome structures trapped by FA [20] [21] [22] and the intermediates observed by smFRET, we next examined the effect of FA on the translocation mechanism ( Fig. 4) . Here, stopped-flow addition of saturating concentrations of EF-G-GTP and FA (0.4 mM) to elongator complexes containing labeled S13 and L1 resulted in the rapid formation of a long-lived (~20 s) intermediate (Fig. 4a ) with a FRET value (0.53 ± 0.06) indistinguishable from that of the transient intermediate observed during uninhibited translocation ( Fig. 2c,d) . The FA-stalled complex decayed slowly (~0.06 s −1 ) into the POST state, in agreement with it representing an on-path intermediate. This interpretation was also supported by each of the other structural perspectives examined (tRNA-tRNA, S13-tRNA and S13-L5) ( Fig. 4b-d ).
Although the rate was substantially reduced by FA (Fig. 4b) , deacylated tRNA was again released from the E site more rapidly than intermediate-state resolution (~2 s −1 versus ~0.06 s −1 ; Fig. 4a,c,d) . We conclude that, analogously to the state captured structurally 21, 22 , saturating concentrations of FA efficiently stabilize the elongator complex in a POST-like configuration that, as compared with the rotated ribosome, exhibits compacted hybrid tRNA positions and increased distances between the N terminus of S13 and both the L1 and L5 proteins. Given that FA occupies the space vacated by inorganic phosphate (P i ) in EF-G ( Fig. 1b) , we infer that FA binding prevents late remodeling events in the EF-G-GDPribosome complex, which originate at the interface between domain III and GTPase domain I. The inhibition of such events prevents the rate-determining intramolecular relocking processes that enable reverse head swivel and peptidyl-tRNA capture within the P site.
Translocation intermediates resolve while EF-G is bound
To directly confirm that the observed intermediates and productive translocation occur while EF-G remains bound to the ribosome, we next performed three-color FRET experiments in which we monitored the distance between acceptor-labeled (LD650) S13 and donor-labeled (Cy3B) peptidyl-tRNA in the A site during stopped-flow addition of acceptor-labeled (LD750) EF-G-GTP 12 (Fig. 5a and Online Methods). Consistently with the observed rate of POST-complex formation and the reported rate of EF-G turnover (~1-3 s −1 ) 12,52,53 , productive translocation events had a total EF-G residence time of ~280 ms (Fig. 5b) . Thus, EF-G remains bound to the ribosome throughout the process of forming and resolving the observed translocation intermediate. Confirming this interpretation, the lifetime of the EF-G-bound complex was dramatically extended (~30 s) when we performed analogous experiments in the presence of saturating concentrations of FA (Fig. 5c ). We conclude that in the absence of inhibition, EF-G-GDP leaves the ribosome concomitantly with, or immediately after, the reverse swivel of the small-subunit head domain that accompanies ribosome relocking.
Exaggerated head-domain motions precede subunit relocking
To further delineate the translocation reaction coordinate, we generated postsynchronized FRET histograms from the individual FRET trajectories for each of the four elongator PRE complexes. In each case, we set synchronization to the final FRET state reached ( Supplementary Fig. 6 and Fig. 6 ) to examine each system's progression into, and out of, intermediate states. This analysis revealed evidence of additional short-lived configurations along the translocation reaction coordinate that had been masked. In particular, the complex containing labeled S13 and L5 showed a transient exaggerated dip in FRET efficiency (~0.4 FRET) after formation of the FA-stabilized translocation intermediate (~0.5 FRET) and immediately before POST-complex formation (Fig. 6) . This finding indicated that the N terminus of S13 exhibited an increased distance with respect to L5 (beyond that observed in the FA-stabilized intermediate) en route to achieving its final POST position.
To verify this interpretation, we introduced a fifth structural perspective on the translocation reaction coordinate, which tracked the distance between the S13 N terminus and the elbow domain of deacylated tRNA (Supplementary Fig. 7a-e) . Here, transient dips to lower FRET accompanied release of deacylated tRNA from the ribosome. Inspection of individual FRET trajectories from this and the S13-L5 perspective ( Fig. 6a and Supplementary Fig. 7f,g) revealed that the rate-determining events leading to the POST state proceed via rapid, reversible fluctuations of the head domain from the FA-stabilized intermediate to positions that move the N terminus of S13 even more distal to the subunit interface than anticipated by the FA-stalled npg a r t i c l e s ribosome structures 21, 22 . Correspondingly, the rate-limiting relocking process that ultimately triggers reverse swivel specifically includes exaggerated movements of the small-subunit head domain. Such intramolecular conformational events, which occur before EF-G-GDP dissociation, enable dissociation of deacylated tRNA and resolve the ribosome and peptidyl-tRNA into their POST configurations.
DISCUSSION
Recent structures of the EF-G-bound ribosome complex have highlighted the complex nature of the translocation process by revealing that movements of the mRNA-(tRNA) 2 module occur in distinct stages on the small subunit. In the absence of peptidyl-tRNA, EF-G promotes an intrasubunit hybrid tRNA configuration in which deacylated tRNA occupies a POST-like (pe/E) position. Here, the tRNA's 5′-CCA-3′ terminus and elbow domain reside within the E site relative to the large-and small-subunit body domains while its anticodon remains in a PRE-like configuration relative to the smallsubunit head domain 20, 23 . Within the EF-G-bound PRE complex trapped by FA, peptidyl-tRNA can also achieve intrasubunit hybrid positions by compacting toward the pe/E tRNA 21, 22 . These previously unanticipated tRNA positions are accompanied by a swivel-like motion of the head domain in the direction of substrate movement, which is concomitant with the reverse rotation of the smallsubunit body domain along an orthogonal axis. Together, these motions enable EF-G's tRNA-like domain IV to establish a network of interactions with the peptidyl-tRNA mRNA codon-anticodon pair as well as the small-subunit head and body 21, 22 .
Although these FA-stalled structures imply the existence of a potentially critical intermediate during translocation, such conclusions are inconsistent with previous bulk and single-molecule fluorescence data indicating that FA only blocks EF-G release from the ribosome but has no effect on other aspects of the process 12, 15, 26 . By tracking the complete translocation reaction coordinate from five perspectives and through three-color imaging, the present investigations provide direct insights into the order and timing of distinct conformational events within the ribosome that had previously been obscured. Together with results from previous studies, these data suggest important clarifications to contemporary translocation models 12, 36, 48 (Fig. 7) , including FA's mechanism of action.
In our revised translocation model, the first major set of events ( Fig. 7) are initiated by the rapid and preferential association of EF-G-GTP with the rotated PRE complex. This interaction has the net effect of stabilizing deacylated and peptidyl-tRNA in their canonical (H1) hybrid (P/E and A/P) positions 54 by specifically depopulating the H2 hybrid state, in which only deacylated tRNA is hybrid (P/E and A/A) 17, 35 . Prior investigations of PRE complexes bearing fluorescently labeled peptidyl-tRNA and ribosomal protein L11 have interpreted this step as EF-G promoting hybrid-state formation 41, 55 . Although conformational flexibility in EF-G may allow it to nonproductively hydrolyze GTP on unrotated PRE ribosomes 56, 57 , events of this kind did not have any effect on the complex, thus indicating that EF-G is unable to appropriately engage peptidyl-tRNA on the unrotated ribosome. In this view, the spontaneous unrotated-to-rotated exchange before EF-G binding is a critical component of the global translocation rate 12, 35 . After GTP hydrolysis and H1 hybrid-state stabilization, the PRE complex then rapidly converts (~20 s −1 ) into an intermediate configuration (INT1) that can be stabilized by spectinomycin 36 (Supplementary Fig. 5c ), in which tRNA compaction occurs in the absence of substantial head-domain swivel. By inference from prior studies, this step probably occurs in parallel with P i release 37, 48 and before reverse rotation of the small-subunit body 15 . INT1 then rapidly (~>50 s −1 ) converts into a second relatively stable intermediate (INT2) that closely resembles the PRE complex trapped by FA 21, 22 (Fig. 4) . Thus, in addition to bearing compacted tRNA positions, the INT2 complex exhibits a pronounced degree of head swivel (~18-21°) and partial reverse rotation of the small-subunit body domain.
In the context of relative fluorescence investigations tracking labeled mRNA and tRNA, these early translocation events are likely to constitute the process of unlocking 9, 48 , because INT2 represents a POST-like configuration of the mRNA-(tRNA) 2 module that is achieved immediately after unlocking and in parallel with P i release 21, 22, 37, 48 .
In the presence of saturating concentrations of FA, INT2 is efficiently stabilized by FA binding to the area vacated by P i within the unlocked, EF-G-GDP-bound ribosome, which becomes available during or immediately after INT2 formation 28 . Although the INT2 complex is only partially translocated (discussed further below), fluorescence intensity changes in mRNA and/or peptidyl-tRNA have indicated that the mRNA-(tRNA) 2 module is fully translocated 12, 15, 26 .
The second major set of events in the translocation mechanism revealed by the present investigations relates to the process of relocking. In these steps, the true POST complex is formed, wherein reverse head swivel and reverse subunit rotation have occurred, and peptidyl-tRNA has been captured within the P site ( Fig. 7) . Relocking proceeds through a multistep mechanism that includes fast, reversible fluctuations of the small-subunit head domain, which result in transient excursions to a third intermediate (INT3) that has previously escaped detection ( Fig. 6b and Supplementary Fig. 7) . The total duration of the relocking process, estimated by the residence time of EF-G on the ribosome (~280 ms) ( Fig. 5) , specifies that frustrated attempts at INT2 resolution are rate limiting to ribosome relocking and thus to complete translocation. Previous data 3, 58 , the reversible nature of the INT2-INT3 exchange and the temporal separation of these structural processes from both GTP hydrolysis and P i release together suggest that rectification of the ribosome to the POST state proceeds via a Brownian ratchet rather than a power-stroke mechanism.
Previous studies have noted a molecular restriction in the ribosome, including residues G1338 and A1339 within the small-subunit head domain and the 790 loop in the small-subunit body domain; this restriction potentially impedes passage of deacylated tRNA from the P site to the E site 51 . However, the specific motions taking place during relocking simultaneously increase the distance between the N termini of S13 and L5, as well as between S13 and deacylated tRNA ( Supplementary Fig. 7) , and allow release of deacylated tRNA from the E site before complete translocation (Fig. 4) . Although the timing of its release may be particular to distinct tRNA species or PRE complexes, we conclude that deacylated tRNA's clearance of this barrier may be necessary but not sufficient for INT3's resolution to the POST state (POST1).
Fluctuations between INT2 and INT3, which can persist in the absence of deacylated tRNA, represent the final steps needed to properly place peptidyl-tRNA in the P site. We speculate that such motions reflect exaggerations of the ratchet-like movements of the body and head domain that accompany INT2 formation. However, distinct movements, including the tilting of the head domain away from the subunit interface, which is associated with trans-translation 59 , or more complex mixed movements along multiple axes, cannot be ruled out. Regardless of their specific nature, we posit that these spontaneous events within the EF-G-GDP-bound ribosome reposition the peptidyl-tRNA anticodon with respect to the small subunit 22, 27 so as to fully engage the small-subunit P site. Such processes may be facilitated by conformational rearrangements in EF-G and domain IV contacts with peptidyl-tRNA and the small subunit. Here, EF-G would serve as a pawl by preventing the nonproductive decay of INT2 while facilitating relocking and reverse head swivel, thus reestablishing contacts between peptidyl-tRNA and residues G1338 and A1339. Because EF-G-GDP has a low affinity for the unrotated ribosome, EF-G-GDP then rapidly releases from the ribosome (POST2).
In this model, the rate-determining features of the translocation reaction coordinate are controlled by intramolecular events within the EF-G-GDP-bound ribosome. This view specifies that ribosome complexes achieved during processive translation, which contain distinct tRNA species, nascent peptides and mRNAs of unique sequence and secondary structure, may give rise to substantially altered, nonuniform translation rates. The intrinsic dynamics within the ribosome also bears relevance to programmed changes in the translation reading frame 5 , which may be more likely to occur after release of deacylated tRNA from the E site 60 and to be exacerbated by ribosome interactions with structured mRNA elements 52 . Such insights warrant high-resolution structural investigations of specific ribosome complexes associated with aberrant translation as well as fast time resolution and multicolor single-molecule investigations in combination with quantitative molecular dynamics simulations.
METHODS
Methods and any associated references are available in the online version of the paper.
Note: Any Supplementary Information and Source Data files are available in the online version of the paper.
ONLINE METHODS
Reagents. Fusidic acid sodium salt (Sigma-Aldrich), spectinomycin sulfate (MP Biomedicals), viomycin sulfate (USP) and hygromycin B (Sigma-Aldrich) were used at the purity stated by the commercial suppliers (≥97%). GTP, GDP and GDPNP were purchased from Sigma, and GTP was further purified on a Mono Q 5/50 GL ion-exchange column (GE Healthcare Life Sciences).
Preparation of fluorescently labeled ribosomes, EF-G and tRNAs. Native 30S subunits enzymatically labeled on S13 (N-Sfp) with LD550 (Lumidyne Technologies) and 50S subunits labeled with LD650 on L1 (T202C) or L5 (N-Acp) were prepared and purified as previously described 31, 34, 61 . EF-G was enzymatically labeled (C-Sfp) with LD750 (Lumidyne Technologies) as previously described 12 . Cy3-and Cy5-fMet-tRNA fMet (s 4 U8); Cy3-Phe-tRNA Phe (s 4 U8); and Cy3B-and LD650-Phe-tRNA Phe (acp 3 U47) were purified 35 and labeled 17 as previously described. tRNA Lys was purchased (Sigma), purified by hydrophobic chromatography and labeled with Cy3B and Cy5 (acp 3 U47) as previously described 38 .
Preparation of PRE ribosome complexes.
For all labeling strategies presented, initiator PRE complexes (P-site tRNA fMet ; A-site fMet-Phe-tRNA Phe ) were prepared as previously described 17 . Elongator PRE complexes (P-site tRNA Phe ; A-site fMet-Phe-Lys-tRNA Lys ) were prepared by incubation of surface-immobilized initiator complexes (P-site fMet-tRNA fMet ) with EF-G-GTP (10 µM and 1 mM, respectively) and 12 nM EF-Tu(GTP)-Phe-tRNA Phe ternary complex for 5 min (thereby forming the POST initiator complex). The A site was then enzymatically filled with tRNA Lys as previously described 38 .
Acquisition and analysis of smFRET data. Single-molecule fluorescence imaging was performed at 25 °C with a prism-based total internal reflection fluorescence microscope 45 . Site-specifically labeled ribosome complexes programmed with 5′-biotinylated mRNA substrates were surface immobilized within polyethylene glycol-passivated, streptavidin-coated quartz microfluidic chambers 17 . All experiments were conducted in Tris polymix buffer (50 mM Tris-OAc, pH 7.5, 100 mM KCl, 5 mM NH 4 OAc, 0.5 mM Ca(OAc) 2 , 0.1 mM EDTA, 5 mM putrescine, 1 mM spermidine and 1.5 mM BME) with 5 mM Mg(OAc) 2 , a cocktail of triplet-state quenchers 62 (1 mM Trolox, 1 mM nitrobenzyl alcohol and 1 mM cyclooctatetraene) and an enzymatic oxygen-scavenging system 63 .
smFRET data were acquired by directly exciting donor fluorophores (LD550, Cy3 or Cy3B) with a 532-nm solid-state laser (LaserQuantum) while fluorescence emission data from the donor and acceptor(s) (Cy5 or LD650 and LD750 for three-color experiments) were collected with a 60× 1.27-N.A. Plan-Apo waterimmersion objective (Nikon), spectrally separated with a MultiCam LS device (Cairn) equipped with T635lpxr-UF2 and 740dcxr dichroic mirrors (Chroma), and imaged with ORCA-Flash 4.0 v2 sCMOS cameras (Hamamatsu) 45 . Data were acquired at 40-or 1-s (FA) time resolution with custom software implemented in LabView (National Instruments) 45 . With this approach, fluorescence and FRET trajectories could be obtained from hundreds of surface-immobilized fluorescently labeled ribosome complexes simultaneously; an average of 500 photons were collected for each ribosome complex per image frame. Individual ribosome complexes were imaged before, during and after stoppedflow injection of EF-G. The translocation of each complex was monitored at various EF-G concentrations, and recorded single-molecule fluorescence and FRET trajectories were extracted with custom-made MATLAB (MathWorks) software. Time-dependent donor and acceptor fluorescence intensities from individual ribosome complexes were transformed into FRET efficiency according to the relationship FRET = I acceptor /(I donor + I acceptor ). Traces were selected for analysis with the following criteria: a single catastrophic photobleaching event, at least 8:1 signal/background-noise ratio and 6:1 signal/signal-noise ratio, less than four donor-fluorophore blinking events, a correlation coefficient between donor and acceptor <0.5 and a lifetime of at least 50 frames (2 s) in any FRET state ≥0. 15 . Reported FRET efficiency errors were obtained from the s.d. of normal distribution fits of compiled FRET histograms.
Individual FRET traces were analyzed with hidden Markov modeling (HMM)based idealization methods with the QuB software package, in which kinetic analyses were conducted through idealization to specific models with the segmental k-means algorithm in QuB 17 . In each model, transitions between all FRET states (including a photobleached or blinking state) were allowed. For the S13-L1 analysis, a two-state model with FRET values of 0.32 and 0.67 was used to determine the rates of intersubunit rotation and equilibrium populations in the PRE complex. For the tRNA-tRNA analysis, a three-state model was used for the initiator complex, with FRET values of 0.18, 0.40 and 0.66. The elongator complex, which did not show intermediate-FRET dwells, was idealized with a two-state model with FRET values of 0.33 and 0.61.
For analysis of the S13-A-site tRNA initiator complex, a two-state model was used with FRET values of 0.10 and 0.42. For elongator complexes, a two-state model was used with FRET values of 0.13 and 0.34. For the S13-L5 analysis, a two-state model was used with FRET values of 0.56 and 0.76. For clarity in the translocation example traces, two states were added (exaggerated dip, 0.385; FA-stalled intermediate, 0.50). For the S13-P-site tRNA complexes, separate three-state models were used for initiator and elongator complexes, owing to the different sites of P-site tRNA labeling. For initiator complexes, the FRET values were 0.40, 0.50 and 0.59; for elongator complexes, the FRET values were 0.55, 0.64 and 0.80.
Translocating traces were selected on the basis of their idealizations according to criteria specific to each FRET signal. For the complexes containing labeled S13 and L1, translocating molecules were defined as traces displaying a transition from the high-FRET state to a stable (dwell times 1 s or longer) low-FRET (POST) state ( Supplementary Fig. 1a,b) . For the tRNA-tRNA labeled complexes, translocating traces were selected on the basis of donor intensity loss before acceptor intensity loss (corresponding to loss of labeled E-site tRNA) as well as high-FRET (intermediate or POST) state occupation before FRET loss ( Supplementary  Fig. 2a,b) . For the S13-A-site tRNA labeled complexes, translocating traces were selected on the basis of FRET shift from the low-FRET state to the stable (dwell times 1s or longer) intermediate-FRET (POST) state ( Supplementary  Fig. 3a,b) . For the complexes containing labeled S13 and L5, translocating traces were selected on the basis of FRET transition from the intermediate-FRET state to the stable (dwell times 1s or longer) high-FRET (POST) state ( Supplementary Fig. 4a,b) . The resulting times were compiled into histograms, transformed to cumulative distributions and fit to exponential functions in Origin (OriginLab). The rates are presented as mean ± s.d. determined from three independent data sets.
Monitoring FRET between EF-G and the ribosome.
To simultaneously monitor the translocation reaction coordinate and EF-G engagement with the A site, 600 nM LD750-labeled EF-G-GTP was delivered via stopped flow to surface-immobilized PRE complexes containing LD650-labeled S13 and deacylated tRNA Phe in the P site and Cy3B-labeled fMet-Phe-Lys-tRNA Lys (acp 3 U47) in the A site. S13-tRNA FRET and EF-G-tRNA FRET were calculated as follows, assuming no acceptor (LD650)-to-acceptor (LD750) FRET: S13-tRNA FRET = I LD650 /(I Cy3B + I LD650 ); EF-G-tRNA FRET = I LD750 /(I Cy3B + I LD750 ).
Kinetic model rates.
Rate constants were derived on the basis of the model in Figure 7 and rates obtained from the various translocation signals. All rates were derived from elongator complexes imaged in the presence of saturating concentrations of EF-G. The rates of the transition from the EF-G-bound state (G) to the tRNA-compacted state (INT2) were derived from the tRNA-tRNA signal. The rate of reversible high-FRET-state arrival (Supplementary Fig. 2b ) provided the forward rate constant k G→INT2 = 18.3 ± 1.3 s −1 , whereas the rate k INT2→G was approximated by the rate of reversal from the high-FRET state, 1.6 ± 0.3 s −1 . The rate of POST formation after INT3 was obtained with the S13-L5 signal, as the average time between the low-FRET (INT3)-state arrival and the stable high-FRET (POST)-state arrival (Fig. 6, k INT3→POST net = 11.0 ± 0.4 s −1 ). Because this rate was calculated for selected traces with long final dwells in the POST state, it constitutes a net forward rate between these two states. The reverse (POST→INT3) rate, dictated by transitions from the S13-L5 high-FRET state to the low-FRET state, was very small and was estimated to be 0.06 ± 0.01 s −1 by maximum point likelihood optimization (QuB). To calculate the rates determining the INT2↔INT3 transitions, we first note that k G→POST ). Combining these two equations, and noting that k relocking = k G→POST net = 2.4 ± 0.3 s −1 (on the basis of the three independent signals of elongator-complex POST formation; Fig. 2e and Supplementary Figs. 3c  and 4c) 
